Information regarding the intracellular signaling processes that occur during the development of T cells has largely been obtained with the use of transgenic mouse models, which although providing invaluable information are time consuming and costly. To this end, we have developed a novel system that facilitates the in vivo analysis of signal transduction pathways during T-lymphocyte development. This approach uses reporter-plasmids for the detection of intracellular signals mediated by the mitogen-activated protein kinase or cyclic AMP-dependent protein kinase. Reporter-plasmids are transfected into thymocytes in fetal thymic organ culture by accelerated DNA/particle bombardment (gene gun), and the activation of a signaling pathway is determined in the form of a standard luciferase assay. Importantly, this powerful technique preserves the structural integrity of the thymus, and will provide an invaluable tool to study how thymocytes respond to normal environmental stimuli encountered during differentiation within the thymic milieu. Thus, this method allows for the monitoring of signals that occur in a biological time frame, such as during differentiation, and within the natural environment of differentiating cells. Shortman and Wu, 1996; Zfifiiga-Pflticker and Lenardo, 1996). The earliest thymic immigrants, arriving from the fetal liver or bone marrow, lack CD4 and CD8 expression (CD4-CDS-, double negative (DN)) . Only thymocytes that successfully rearrange their TCR-I3 locus expand and differentiate to the CD4 + CD8 + (double positive, DP) stage; a checkpoint known as 13-selection (Hoffman et al., 1996; Boehmer and Fehling, 1997). Following 13-selection, the initiation of TCR-c gene expression and rearrangement occurs (von Boehmer and Fehling, 1997). DP * Corresponding author. Tel." 416-978-8217, Fax: 416-978-1938, E-mail: alison A novel system for the in vivo detection of different signal transduction pathways, such as those involving MAPK and PKA, involves the use of commercially available reporter-plasmids (Fig. 1 ). This approach takes advantage of three plasmids: the first one encodes for a fusion protein containing an activation domain derived from the specific substrate recognition site for each kinase (pFA-Elk or pFA2-CREB) and a DNA-binding protein domain derived from the yeast DNA transcriptional activator GAL4; the second plasmid encodes for the luciferase gene controlled by five repeats of a GAL4-binding element followed by a basic transcriptional promoter (TATATA) (pFR-Luc); the third plasmid provides a positive control, encoding for constitutively active version of the kinase to be tested (pFC-MEK1 or pFC-PKA), which is under the transcriptional control of strong enhancer/promoter elements. When the fusion-activator and luciferase-reporter plasmids are cotransfected into mammalian cells, activation-induced phosphorylation of the fusion-activator protein by its cognate kinase results in the transcription of the luciferase gene from the pFR-Luc reporter-plasmid. The intensity of the activation-induced intracellular signal can be measured by carrying out a standard luciferase assay (Fig. 1) . To control for transfection efficiency, thymocytes were cotransfected with a plasmid encoding -galactosidase, which is under the transcriptional control of the cytomegalovirus (CMV) promoter/enhancer. The [-galactosidase activity is used to index the luciferase signal obtained from each sample, as assays for luciferase and f3-galactosidase activity can be performed within the same sample tube (see Materials and Methods). This is accomplished using a novel detection system, in which both enzymatic reactions are measured in the form of light emission; that is luciferase on the catalytic breakdown of the substrate luciferin, and 3-galactosidase on catalysis of the substrate Galacton-Plus.
INTRODUCTION
Thymocyte development is characterized by the stage-specific expression of CD4 and CD8 surface molecules Shortman and Wu, 1996; Zfifiiga-Pflticker and Lenardo, 1996) . The earliest thymic immigrants, arriving from the fetal liver or bone marrow, lack CD4 and CD8 expression (CD4-CDS-, double negative (DN)) . Only thymocytes that successfully rearrange their TCR-I3 locus expand and differentiate to the CD4 + CD8 + (double positive, DP) stage; a checkpoint known as 13-selection (Hoffman et al., 1996; Boehmer and Fehling, 1997) . Following 13-selection, the initiation of TCR-c gene expression and rearrangement occurs (von Boehmer and Fehling, 1997) . DP ALISON M. MICHIE and JUAN CARLOS ZIIlqIIGA-PFLCKER thymocytes expressing a complete otl3-TCR/CD3 complex undergo further checkpoints, positive and negative selection (Fowlkes and Schweighoffer, 1995; Kisielow and von Boehmer, 1990) , which result in the generation of CD4 + CD8-and CD4-CD8 + mature thymocytes. The intracellular signaling pathways that surround these checkpoints and drive the maturation process of thymocytes are not well-defined. Transgenic mouse models have enabled the identification of key signaling components necessary during T-cell development, such as Ras, Rho GTPase, Lck, SLP-76, LAT, (Clements et al., 1998 ; Galandrini et al., 1997; Levin et al., 1993; Molina et al., 1992; Negishi et al., 1995; Swan et al., 1995; Swat et al., 1996; Zhang et al., 1999) . Although these studies are informative, they fail to provide a biological time frame for the activation of proximal and distal signaling pathways that occur at checkpoints during T cell development.
To study the regulation of gene expression or cellular signaling events during thymocyte development several experimental strategies are available. These approaches rely on the introduction of foreign DNA into thymocytes (Ztfiiga-Pfltcker et al., 1993) . A wide variety of DNA tiansfection protocols have been developed, such as the use of retroviruses, liposomes, adenoviruses, gene gun-bombardment, and electroporation Michie and Ztfiiga-Pfltcker, 2000; Rooke et al., 1997; Sugawara et al., 1998; Suzuki et al., 1991; Ztfiiga-Pflcker et al., 1993) . Each of these approaches has its own merits and drawbacks, depending on the stage of development being studied and the type of assay system employed for analytical readout.
Retroviral infection of early fetal thymocytes allowed for stable expression of transduced genes during thymocyte differentiation Pallard et al., 1999; Sugawara et al., 1998) . Crompton et al. (1996) , achieved this by directly infecting fetal thymic lobes, and Sugawara et al. (1998) reconstituted fetal thymic lobes with thymocytes infected by coculture with a retroviral packaging cell line. Rooke et al. (1997) used adenovirus-mediated infection to transduce thymic stroma, as these quiescent cells are not susceptible to retroviral infection. Electroporation of thymocytes has also been carried out, and has the advantage of being easily applicable to thymocytes in cell suspension (Michie and Zffiiga-Pfltcker, 2000; Nickoloff, 1995; Ztifiiga-Pfltict:er et al., 1993) . Thus, allowing for the isolation, by flow cytometry cell sorting or magnetic bead separation, of a particular target population of thymocytes to be transfected.
Previous innovations in tissue culture techniques resulted in the creation of an in vitro T-cell development system that is amenable to controlled experimentation; this technique is known as the fetal thymic organ culture (FFOC) (Anderson and Jenkinson, 1998; Anderson et al., 1996) . FFOCs involve the culturing of thymic lobes in an air-liquid interphase, providing favorable conditions for normal growth and differentiation (Jenkinson et al., 1982) . In contrast to thymocytes grown in standard suspension cultures, which normally undergo rapid apoptotic death, FFOCs maintain an intact thymic stromal architecture, thus providing an appropriate environment for thymocyte differentiation (Anderson and Jenkinson, 1998) . Therefore, the FFOC system allows for the study of thymocyte development within its natural physiological in vivo setting.
We have developed an approach that uses an accelerated DNA/particle bombardment (gene gun) delivery system to transfect thymocytes in FFOC (Zffiiga-Pfltcker et al., 1993 (Fig. 2a) . Moreover, we have previously demonstrated that the transfection of thymocyte suspensions with pFA-Elk and pFR-Luc, and subsequent stimulation of these cells with PMA/ionomycin led to a similar activation of luciferase activity (Michie and Zfifiiga-Pflficker, 2000) .
In a similar fashion, we transfected PKA-signaling reporter-plasmids into EL4 cells. Our results show that EL4 cells transfected with pFA2-CREB-and pFR-Luc-plasmids elicited a greater than ten fold stimulation of luciferase activity upon addition of the adenylyl cyclase activator, forskolin, as compared to control untreated cells (Fig. 2b) (Fig. 3a) . This analysis demonstrates that the GFP + cells represent developing thymocytes rather than thymic stromal elements, such as the epithelial cells encasing the thymus or cortical epithelial cells within the fetal thymus. Figure 3a shows GFP expression is evident in 1.2% of the CD45 + leukocyte population.
To demonstrate that FFOC transfection by DNA/gold particle bombardment, when combined with the reporter-plasmids provides a reliable and sensitive assay system, we transfected thymic lobes with plasmids-encoding luciferase and [3-galactosidase, under the transcriptional control of CMV promoter/enhancer elements. Eighteen hours after transfection, a 35-fold elevation in luciferase activity was observed, as compared to mock-transfected lobes (Fig. 3b) . Additionally, 3-galactosidase activity was elevated six fold over mock-transfected controls (Fig. 3b) . It is apparent from these results that luciferase activity provides a more sensitive readout system for recording the activation of signaling pathways, while 13-galactosidase activity exhibits a robust signal, appropriate for indexing purposes.
Developmental Progression of Transfected Thymocytes Within FFOCs
To further examine the impact of gene gun-transfection on the ability of the thymus to support T lymphopoiesis, and the preservation of the thymic microenvironment, we investigated the longterm developmental potential of transfected thymocytes. Therefore, we transfected recombinase activating gene-2-deficient (RAG-2-/-) mouse fetal thymic lobes with a plasmid encoding a constitutively active form of the GTPase Ras, (p21ras(V12)) (Downward et (Swat et al., 1996) .
To demonstrate that transfection of thymocytes in FFOC does not interfere with the normal thymocyte proliferation and developmental progression, consistent with a transition through -selection, RAG-2 -/-FFOCs were gene gun-transfected with plasmid encoding a constitutively active Ras. FFOCs were incubated for 9 days and then analyzed by flow cytometry. In comparison to the mock-transfected (control) FFOCs (Fig. 4a) (Fig. 6 ). An elevation in background luciferase activity was not evident on increasing the concentration of pFA2-CREB plasmid. However, the addition of forskolin led to a significant stimulation of luciferase activity in every sample, with the maximum induction (> four fold stimulation) detected at 75 ng of pFA2-CREB (Fig. 6 ). This result indicates that the optimal ratio of pFA2-CREB: pFR-Luc for attaining maximal readout of PKA activity in fetal thymic lobes is 0.3:1. Thus, these two plasmids should be used at this ratio to gain optimal readout of the PKA signalling cascade in FFOCs.
Our findings demonstrate that despite the low transfection efficiency of FTOCs by gene gun-bombardment, the sensitivity of the readout system clearly allows for the study of biochemical signaling cascades in real-time and in a relevant biological setting. The use of this novel and powerful model system provides an important tool for the further elucidation of signaling pathways regulating key checkpoints during T cell development in the thymus.
DISCUSSION
The method described in this paper relies on the combination of two experimental approaches: (1) a reporter-plasmid system enabling the detection of de novo intracellular signaling pathways in vivo and, (2) a method for the transfection of thymocytes within an intact thymic microenvironment (Michie and Z6fiiga-Pflticker, 2000; Ztifiiga-Pflticker et al., 1993) . To this end, we have developed the use of reporter-plasmids together with a DNA/particle bombardment delivery system to transfect thymocytes in FFOC, permitting the study of biochemical signaling events in real time and within a relevant biological setting. One application of this approach involved the characterization of MAPK-and CREB-mediated intracellular signalling pathways within the thymus.
There are many advantages of this transfection system compared with other methods available: (1) It is well known that removal of thymocytes from their microenvironment severely interferes with their normal developmental processes and leads to the induction of apoptosis (Fisher et al., 1996) . Indeed, it has been demonstrated that perturbation of thymic stromal interactions with developing T cells leads to a spontaneous upregulation of TCR-x[3 complex on the surface of the cells together with dephosphorylation of the CD3 chain (Nakayama et al., 1990) . Moreover, thymocytes cultured in suspension or within intact lobes respond differently to stimulation with PMA, mitogen Concanavalin A, or anti-CD3 (Anderson and Jenkinson, 1998; Fisher et al., 1996) . These and other studies indicate that the interactions within the intact thymic environment play an essential role in determining the biological outcome to specific stimuli. Therefore, the method described here is of central importance, as it provides an important tool to the study the regulation of T cell development by enabling researchers to define signaling mechanisms within the cell's natural environment.
Although gene gun-mediated transfection of FFOCs allows thymocytes to respond to their normal environment, other means of in vitro gene transfer also confer this ability. In particular, retroviral-mediated infection of cells has proven to be a viable means with which to study specific gene function during thymocyte differentiation Pallard et al., 1999; Sugawara et al., 1998) . However, one main benefit of the gene-gun system is the ability to transfect multiple plasmids into thymocytes, which can be read out in short or long term assays. Thus, this system permits the expression of specific genes during T cell development, together with the use of a separate reporter-plasmid allowing for the readout of de novo signaling events.
MATERIALS AND METHODS

Animals
Timed-pregnant CD1 mice were obtained from the Charles River Laboratories (St. Constant, QC Canada). Recombinase activating gene-2-deficient (RAG-2-/-) mice (Shinkai et al., 1992) were bred and maintained in our animal facility. Timed-pregnant RAG-2-/-mice were generated and the fetuses were extracted at day 14 of pregnancy.
Electroporation of EL4 Cells
All plasmid DNA used for transfection was purified by anion-exchange chromatography using Qiagen columns (Valencia, CA). PathDetect reporter-plasmids were purchased from Stratagene (La Jolla, CA). 
